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Supplementary Text
Fitting the PA1 band at t = 0 ps shown in Fig. 3A In the momentum (k) space of a quantum well the energy dependent absorption coefficient (E) of electron from the exciton state into the continuum can be expressed [34] as (S1)
With Eex and Ecb is the energy of the exciton and continuum band (CB or VB), respectively; f(E) is the Fermi-Dirac distribution function, and M is the matrix element for the transition.
The exciton wave function is localized in real space over a distance, l and thus the exciton is not a -function in k-space; but instead is spread over a range, k in k, where k1/l. Therefore, we have to integrate over k< k (S2) Where C(q) is a 'mixture function' that is spread over k, and determines the k-space extension of the exciton wavefunction. We replace the Fermi-Dirac distribution function with a step function at EB, if the exciton temperature is low compared to exciton binding energy, EB.
If we assume that the exciton wave function in real space has the form of exp(-r/l), where l is the 'localization length', then C(q) is given by the Fourier transform of the real space extension (S3)
Consequently the k-space exciton extension, k =l -1 , and the absorption, (E) for a 2D system can be then expressed by [35] (S4) where m* is the electron effective mass, and 0 is the transition energy. We calculated the exciton PA using m* = 0.25m0 which obtained using density function theory (see later in S.M.), m0 is the free electron mass, and 0 = 0.35 eV. The asymmetric PA1 band is fitted using Eq. (S4) considering a Gaussian distribution F(-0) of  around 0 (see Fig. 3A ) having width . From the fit we get the exciton localization length, l=10 nm, 0 = 0.35 eV, and the distribution width = 0.05 eV.
Inter-Rashba optical transitions in 2D perovskites
To illustrate the essential features of the electronic structure and optical response of the system, we present an effective tight-binding model for the conduction and valence bands of the 2D perovskite. As in the 3D perovskite CH3NH3PbI3 [36] , the conduction band is derived from Pb -orbitals. Due to the high spin-orbit of the heavy Pb atom, the = 1/2 split off band is well separated in energy from the = 3/2 bands, and forms the basis for the conduction band states. In terms of orbitals , , and spin ↑, ↓, the | ±1 2 ⁄ ⟩ states are
The valence band is comprised of Pb and I orbitals with = 1 symmetry
It suffices to consider a square 2D lattice. The ss, pp, and sp hopping terms are denoted , , and , respectively. Breaking inversion symmetry introduces additional spindependent hopping terms. For structural inversion symmetry breaking along thedirection, spin-orbit coupling leads to a -dependent effective magnetic field in thedirection acting on the = ± 1 2 ⁄ states. We parameterize this Rashba spin-orbit coupling with a constant . The symmetry breaking also leads to additional terms coupling and states, which we parameterize with ′. The tight-binding Hamiltonian then takes the following form (where the basis ordering is:
where ± = ± , 2 = 2 + 2 .
is dimensionless, scaled by the lattice constant a, and we assume ≪ 1. The constant 0 determines the band gap. To make analytical progress, we consider a perturbation expansion in / 0 . (Note that in Eq. (S7) we rescaled the inversion asymmetry hopping parameter ′ to ′ so that we can do an expansion of the conduction-valence coupling in terms of the single parameter .) Assuming = 0, the (unnormalized) conduction band wave functions to lowest order in are
The lowest order contribution to the conduction and valence band energies enters as 2 = ( 2 ± | | + 0 ) + 2 ( ′ 2 + 2 )
Note that the valence band degeneracy is lifted through the hybridization with the conduction band. The minimum of the conduction 0 is found using eq. (S9), and given here to lowest order in
We may now compute the dipole matrix element between conduction band states at 0 . We find that only the -component is nonzero
Although the expression above is cumbersome, the significant result is simply that it is nonzero. This can also be understood by inspecting the form of the wave functions given in eq. (S8). The hybridization present in 1 and 2 enable an optical transition between the two. We note that the incident light is mostly polarized in the plane, however the light is incoherent and diffuse, as described earlier in the S.M., so that a -component of the polarization is also generically present.
DFT calculations
We carry out first-principles density functional theory (DFT) calculations using local density approximation in the form of ultra-soft pseudopotentials as implemented in QUANTUM-ESPRESSO. An energy cutoff of 80 Ry and a 6 × 6 × 1 grid was employed for the plane wave basis expansion and for the Brillouin zone sampling during structural relaxation, respectively. All atoms in the unit cell were allowed to move until the force on each is less than 0.5 eV/nm. The lattice parameters are calculated to be a = 0.619 nm, b = 0.623 nm, c = 3.025 nm and 99.67 ° for the angle between lattice vectors a and b, in good agreement with the experimental measurements (a = 0.613 nm, b = 0.619, c = 3.251 nm and 93.80° [37] ). Similar to the three-dimensional halide perovskites, the neargap energy states in (C6H5C2H2NH3)2PbI4 are dominated by the orbitals in the twodimensional inorganic framework and therefore, we are concerned with the symmetry properties of the inorganic framework. As shown in Fig. 4A , inversion symmetry is present in the z-direction, normal to the two-dimensional inorganic framework. The displacement of the Pb atom off the octahedral center leads to inversion symmetry breaking in the x-y plane. The symmetry breaking direction is roughly along the a + b direction.
The electronic structure exhibits a direct band gap at the R point in the BZ [2π/a, 2π/b, 0], where a and b are the lattice constants. The near-gap conduction band states are composed of the p orbitals of Pb while the valence bands states are derived from the Pb s orbital and I p orbitals. The spin-orbit coupling splits degenerate conduction band states (L = 1) into lower J = 1/2 and upper J = 3/2 bands, leading to a J =1/2 conduction band and S =1/2 valence band. In order to observe symmetry breaking effect on the band structure, bands along two paths are plotted as shown in Fig. 4C . One is aligned with symmetry breaking direction from X=(0.0, 0.0, 0.0) to R=(0.5, 0.5, 0.0) and the other is along the normal direction from R=(0.5, 0.5, 0.0) to Y=(0.0, 1.0, 0.0). The band along X-R is nearly degenerate, whereas bands along R-Y exhibit Rashba-like splitting.
We now consider the photogenerated free carrier absorption, i.e., the transition between Rashba-split conduction bands. Using DFT, we calculated the momentum matrix element between Rashba-split bands. We use a plane wave basis and the Bloch wave function is described as |Ψ 〉 = 1 ∑ ( + ) ( + )⋅ , where is the crystal volume, G is the reciprocal lattice vector, k is the crystal momentum and ( + ) is the coefficient of plane wave ( + )⋅ . The momentum matrix element was calculated as 〈Ψ |̂|Ψ 〉 = ℏ ∑ * ( + ) ( + )( + ) , where refers to the momentum direction , or . In Figure 4D we show the dipole transition magnitude as a function of k along the direction with largest splitting that is also the direction normal to the inversion symmetry breaking. As seen, the optical transition between the two Rashba-split CB is allowed, in agreement with the tight-binding model described above.
Fitting the PAFCA band shown in Fig. 5A A slight asymmetry is also observed for PAFCA band in Fig. 5A , which suggests that the electron quasi momentum k near the bottom of the lower Rashba-split band at k0 may also extend in k-space. This may be due to localization or the quasi-Fermi level of electrons in this band. Using Eq. S4, we fit the PAFCA band (solid line in Fig. 5A ), using the same model as that for the exciton transition in Fig. 3A inset. We used the same Gaussian distribution for the transition energy with 0 = 0.15 eV and = 0.03 eV, as for the exciton PA model described above. The "localization length" or "wavefunction extent" of the electron that we obtained from the fit is ~ 14 nm. This shows that the electron is barely localized, consistent with of the free-electron model of electron in conduction band.
fig. S1. Schematic structure of PEPI with alternating organic and inorganic layers, forming multiple quantum wells onto the substrate. The width, energy gap, dielectric constant of barriers, and well are denoted [18, 20, 38] .
fig. S2. The absorption spectrum of a PEPI film measured at temperatures ranging from 10 to 290 K, as denoted. fig. S3 . The dependence of the EA signal on V 2 at various energies below the IB edge at 2.55 eV, where V is the applied voltage. fig. S4 . The transient PM band of PEPI film measured at t = 0 ps and 300 K and its fit using a linear combination of the absorption spectrum and its first and second derivatives.
